The major objective of the present study was to demonstrate the actions of exogenous melatonin on ovaprim (synthetic GnRH and domperidone)-induced final oocyte maturation focusing on the oxidative status of pre-ovulatory follicles in the carp Catla catla. Accordingly, gravid carp during the early spawning phase of the reproductive cycle were injected with melatonin and/or ovaprim at different time intervals or luzindole (a pharmacological blocker of melatonin receptors) before their administration. We studied their effects on the latency period, the rate of germinal vesicle breakdown (GVBD; a visual marker of final oocyte maturation) in oocytes, and the levels of maturation-promoting factor (MPF), as well as oxidative stress, different antioxidants, melatonin and MT1 melatonin receptor protein in the extracts of pre-ovulatory follicles. Notably, melatonin treatment 2 h before the injection of ovaprim resulted in the shortest latency period as well as the highest rate of GVBD and MPF formation. Exogenous melatonin, irrespective of the injection schedule, caused a significant reduction in intra-follicular oxidative stress and an increase in the levels of both enzymatic and nonenzymatic antioxidants, melatonin and its receptor protein. Concentrations of ovarian melatonin in each fish exhibited a significant negative correlation with the level of oxidative stress, but a positive correlation with the rate of GVBD and the activity/level of different antioxidants. However, no significant effects of melatonin and/or ovaprim were detected in luzindole-pretreated carp. Collectively, the present study provides the first evidence that melatonin pretreatment in carp ameliorates ovaprim actions on the process of final oocyte maturation by the formation of MPF and alleviates oxidative stress in pre-ovulatory follicles by stimulating different antioxidants.
Introduction
Pineal hormone melatonin (N-acetyl-5-methoxytryptamine) is considered as a potent candidate in the regulation of reproduction in different vertebrates including fish (Maitra et al. 2013) . Circulating profiles of this hormone in an annual reproductive cycle exhibit a close relationship with the stages of oocyte development as well as the plasma levels of ovarian steroids in the carp Catla catla (Chattoraj et al. 2009a) . Exogenous melatonin, when administered to this fish species at the same dose and for identical duration, but in different reproductive seasons, leads to the stimulation or inhibition of or no subtle changes in gonadal functions (Bhattacharya et al. 2007) . It is generally agreed that melatonin acts primarily on the hypothalamo-pituitary-gonadal (HPG) axis to regulate seasonality of fish reproduction (Falcó n et al. 2007 ). However, an in vitro study has demonstrated for the first time ) that melatonin may act locally on the carp ovary, as prior incubation of denuded oocytes with melatonin augments the action of maturation-inducing hormone (MIH) or 17a,20b-dihydroxy-4-pregnen-3-one (17a,20b-DP) on oocyte maturation by the formation of maturation-promoting factor (MPF) -a complex of two proteins, cyclin B and cyclin-dependent kinase Cdk1 (Yamashita et al. 1992) . Subsequent localization and dynamics of a 37 kDa melatonin receptor protein in the oocytes of the same fish (Chattoraj et al. 2009b ) also argue in favor of extra-hypothalamic actions of melatonin. The study on zebrafish reports that melatonin plays a critical role in promoting seasonal reproduction by activating the cascade starting from the kiss peptide, which, in turn, stimulates hypothalamic neurons to produce gonadotropin-releasing hormone (GnRH), and by acting directly on gonads that regulate the transcription of two important genes whose proteins are involved in oocyte competence and maturation (Carnevali et al. 2011) . Likewise, a study on killifish (Lombardo et al. 2012) provides evidence that endogenously synthesized or exogenously added melatonin acts on steroidogenesis by regulating steroidogenic enzyme activities in theca and granulosa cells of the ovary (Tamura et al. 2009 ). Moreover, the discovery that melatonin due to its lipophilic nature can easily cross the plasma membrane of cells to act directly as a scavenger of free radicals (Tan et al. 1993) followed by studies demonstrating the stimulation of antioxidative enzymes by melatonin (Rodriguez et al. 2004 ) and even scavenging actions of its metabolites on free radicals (Galano et al. 2013 ) added a new dimension to the current understanding on the physiological role of melatonin as a potent antioxidant (Zhang & Zhang 2014) in the regulation of ovarian functions in at least mammals (Tamura et al. 2014) .
Generation of a large amount of free radicals during oocyte maturation and ovulation is known to cause an elevated oxidative stress (Tamura et al. 2008) . Melatonin detected in the pre-ovulatory follicles seems to minimize oxidative stress and ultimately to improve the quality of oocytes (Tamura et al. 2014) . The information gathered from mammalian studies also reveals that melatonin acts on various cells of ovarian follicles as an indirect antioxidant to stimulate several antioxidative agents, such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), glutathione transferase (GST) and reduced glutathione (GSH), which metabolize free radicals to reduce oxidative stress (Reiter 1996) . In the absence of comparable data from any fish study, a recent finding on carp provides the first indication that intra-ovarian melatonin might be implicated in the reduction of oxidative stress to augment ovarian functions during spawning (Hasan et al. 2014 ). In such study, a significant positive correlation between the concentrations of melatonin and the levels of different antioxidative agents (SOD, CAT and GST) in the ovary is noted throughout the annual reproductive cycle. Thus, it is likely that melatonin performs its regulatory functions on fish reproduction by receptor-mediated hormonal actions on the HPG axis and/or by acting as an antioxidant to reduce intra-follicular oxidative stress. However, it remains unknown whether during spawning, melatonin modulates the actions of hypothalamic GnRH on the oxidative status of the ovary to induce final oocyte maturation in fish.
The use of hypothalamic GnRH or its analogs has been the most successful attempt to induce maturation and spawning in fish (Mylonas & Zohar 2001) . Since dopamine inhibits basal and GnRH-induced gonadotropin release from the pituitary (Chang & Peter 1983 ), domperidone, a dopamine receptor antagonist (Peter et al. 1988) , is added to GnRH in a commercial product 'ovaprim' (a combination of GnRH and domperidone) for ready use in fish farming (Nandeesha et al. 1990 ). The developmental stage of oocytes in fish is critical to the timing of GnRH release from the hypothalamus to stimulate maturation and ovulation (Williot et al. 2002) . Thus, ovaprim treatment is effective only when the ovaries are fully developed and the fish are ready to spawn.
The present study is an attempt to demonstrate the influences of exogenous melatonin on ovaprim-induced final oocyte maturation and to elucidate the physiological mechanism of response by focusing on the role of different antioxidants in the ovarian follicles of sexually mature carp during the spawning phase of an annual cycle. Additionally, luzindole, a pharmacological blocker of melatonin receptors with high selectivity (Dubocovich 1988) , is used before hormonal treatments to ascertain the role of melatonin receptors in the mechanism of ovarian response in carp.
Materials and methods

Chemicals and reagents
The melatonin antiserum (sheep anti-melatonin antibody) and tritiated melatonin ([O-methyl- 3 H]melatonin, specific activity 84.0 Ci/mmol) were purchased from Stockgrand Ltd (Surrey, UK) and GE Healthcare Life Sciences (Buckinghamshire, UK) respectively. The primary antibodies of MT1, Cdc34 and cyclin B were procured from Santa Cruz Biotechnology, while 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium (NBT) and the secondary antibodies were supplied by Bangalore Genei (Bangalore, India). 'Ovaprim' was procured from Virbac Animal Health India Pvt. Ltd (Mumbai, India). NAD, GSH (reduced glutathione), glutathione disulfide (GSSG; oxidized glutathione), NBT and TCA were supplied by SRL (Mumbai, India). Melatonin, NaN 3 (sodium azide), PMS, PMSF, TBA, EDTA, PVDF membranes, DTNB (5,5 0 -dithiobis(2-nitrobenzoate)), anti-b-actin (mouse monoclonal anti-b-actin IgG), CDNB (1-chloro-2,4-dinitrobenzene), and all other chemicals and reagents of the highest commercially available purity were purchased from Sigma-Aldrich Chemical Co. (St Louis, MO, USA).
Collection, selection and maintenance of fish
Adult female carp (Catla catla, Cypriniformes), weighing 1000-1200 g, were captured from large water bodies around Santiniketan (latitude 23839 0 N, longitude 87842 0 E) in India during the early spawning phase (June) of the annual reproductive cycle. Immediately after the capture, the fish were brought to the laboratory and then transferred to large open-air cement tanks measuring w4 m (length)!2 m (width)!1 m (depth) for acclimatization under ambient conditions (duration of natural day length: 13 h 10 min, water temperature or WT: maximum 29.0 8C, minimum 27.5 8C) for about 1 week. The tanks were provided with artificial aeration and continuous flow of water. All fish had free access to prepared balanced fish food comprising 35% fish meal, 28% mustard oil cake, 28% rice bran, 2% each sunflower and cod liver oil, 5% carboxymethyl cellulose, and multivitamin/multi-mineral tablets throughout the period of acclimatization (Bhattacharya et al. 2007 ). Water quality in each tank was critically monitored for maintaining hygienic conditions. Laboratory care of fish and adopted study schedules were duly approved by the 
Experimental paradigms
A total of 72 sexually mature female carp with protruded genital papilla, dilated and bulging abdomen were randomly and equally (nZ9) divided into eight groups for undergoing any of the following separate treatments: i) the vehicle of the hormone (control), ii) ovaprim, iii) melatonin, iv) melatonin administered with the a) primary (1st) -or b) booster (2nd) dose of ovaprim or c) 2 h prior to the primary dose or d) 2 h after the booster dose of ovaprim, v) luzindole 15 min before the injection of melatonin followed by the primary dose of ovaprim. Each of these eight experiments using nine individual fish was carried out on two consecutive days: i) on the first day, three fish were used separately for the calculation of their latency period between the last hormone injection and ovulation; ii) on the next day, the same treatment was repeated with the remaining six individuals and about 500 mature ovarian follicles from each fish were collected before 15-20 min of their calculated latency period. The fish used in different experiments were handled identically to reduce possible stress during their capture and treatments.
Following the instructions of the supplier, commercially available ovaprim (1 ml containing 20 mg salmon GnRH analogue or sGnRHa and 10 mg domperidone dissolved in propylene glycol) was injected intramuscularly in two doses (0.15 ml/kg body wt as the primary dose followed by 0.35 ml/kg body wt as the booster dose at a 2 h interval). Melatonin and luzindole were initially dissolved in 10 ml ethanol and then diluted with teleost saline (20 mg Na 2 CO 3 /100 ml of 0.6% NaCl) until the desired concentrations were obtained for intramuscular injection of melatonin at the dose of 25 mg/100 g body wt and intra-peritoneal injection of luzindole at the dose of 0.1 mg/100 g body wt. The fish used as the control for the treatment groups were intramuscularly injected with the vehicle (i.e. teleost saline: ethyl alcohol mixture 9:1 (v/v)) of the hormone/drug. The volume (0.5 ml) of the injected solution was identical for different fish groups. On each occasion, each fish was injected with appropriate agent(s) during the late afternoon (between 1600 and 1800 h) under natural photo-thermal conditions.
Determination of the latency period and collection of mature follicles
Determination of the latency period between the last hormone injection and the occurrence of ovulation in each experimental fish was initiated after 6 h of the treatment by applying gentle pressure on the abdomen in an anterior-to-posterior direction and repeating the same procedure every 15 min until mature ova could be manually removed (Springate et al. 1984) . Once the latency period of respective fish group was known, the same treatment was repeated with six fresh individuals. At the end of each experiment, the fish were anesthetized with phenoxy-ethanol (1:20 000, v/v) and killed 15-20 min before their calculated latency period, or after 16 h of the last injection of the hormone or its vehicle (when no ovulation could be detected manually). Quick dissection was followed for the removal of ovaries and the collection of mature follicles from them.
A part of each ovary was subjected to ice-cold phosphate buffer for sudden cold shock to separate mature follicles from the adjoining ovarian tissues. About 500 large, round yolk-laden follicles with diameter O1.0 mm were collected from each ovary. Out of them, about 100-150 follicles were randomly selected for the determination of the rate of germinal vesicle breakdown (GVBD) and the remaining (350-400) follicles were homogenized and sonicated at 4 8C in a homogenizing buffer (50 mM Tris-HCl buffer, pH 7.4, 1 mM EDTA, 100 mM sucrose, 1 mM PMSF and 1% leupeptin hemisulfate), to prepare 10% tissue homogenate, which was stored at K80 8C until used for quantitative estimation of different biochemical components of interest.
Determination of the rate of GVBD
Isolated mature follicles from each ovary were immersed in a clearing solution (ethanol-formalin-acetic acid 6:3:1) and used for the determination of the rate of GVBD under a microscope (Olympus, BX51, Japan) with in-built photo-micrographic attachments and an image analyzing device . Results of each observation are expressed as percentage.
RIA of melatonin
Follicular homogenates of each fish were separately centrifuged at 1500 g at 4 8C for 10 min to discard the cell debris and to use the supernatants (500 ml in duplicate) separately for extraction in chloroform (2 ml) (Seth & Maitra 2011) . The extracted samples were resuspended in 300 ml PBS-gelatin buffer (0.2 mol sodium phosphate/l, 0.15 mol NaCl/l, 0.05% gelatin, 10 mmol EDTA/l and 0.15% NaN 3 ; pH 6.0) and used for the estimation of melatonin concentrations following a specific well-calibrated RIA, using [ 3 H]melatonin (specific activity 84.0 Ci/mmol) as the tracer (100 ml equivalent to about 4000 c.p.m.) and melatonin antiserum (sheep anti-melatonin antibody) at a final dilution of 1:4000 (Hasan et al. 2014) . The assay was validated by both parallelism and recovery tests. The sensitivity of the assay was 10 pg/g tissue. The intra-and inter-assay coefficient of variations were !6.1 and !7.4% respectively.
Electrophoresis and immunoblotting
The protein content of samples, used for electrophoresis and western blot analysis, was analyzed on 12.5% Laemmli SDS-PAGE and was visualized by 0.1% Coomassie brilliant blue (overnight) followed by destaining or processed for immunoblotting on the PVDF membrane by a wet electroblotting method (Chattoraj et al. , 2009b . The PVDF membranes were incubated separately with primary antibody (1:1000 dilution) raised against a peptide corresponding to an amino acid sequence at the carboxy terminus of cyclin B1 of rat origin or rabbit anti-PSTAIRE (for p34Cdk1) or primary polyclonal antibodies against MT1 followed by incubation with the respective secondary antibody (dilution 1:500). The specificity of each antibody was separately determined by pre-absorbing the antibodies with the corresponding immunizing antigen before incubation of the samples. Individual band intensity of each immunoblot was quantified by densitometry using the freely available ImageJ Software (Seth & Maitra 2011) .
Malondialdehyde level as the measure of lipid peroxidation
The supernatants of the follicular extracts were used to measure the level of Malondialdehyde (MDA) equivalents derived as a product of lipid peroxidation by thiobarbituric acid-reactive substances (TBARS) assay (Draper & Hadley 1990 ) with minor modifications.
Antioxidative agents
The samples were used separately for quantitative estimations of different antioxidative agents following well-calibrated specific spectrophotometric methods. Each assay was validated by serial dilutions of the substrates and/or addition of selective inhibitors of respective enzymes (Hasan et al. 2014) .
Enzymatic antioxidative agents
Superoxide dismutase SOD activity was measured following a spectrophotometric method (Ewing & Janero 1995) based on the assessment of O 2 K -mediated NBT reduction by an aerobic mixture of NADH and PMS. The superoxide radicals were generated in 3 ml Tris-HCl buffer (16 mM, pH 8.0) containing 1 ml NBT (50 mM) solution and 1 ml NADH (78 mM) solution, and the sample extracts were mixed. The reaction was started by adding 1 ml PMS solution (10 mM) to the mixture, and following incubation at 25 8C for 5 min, absorbance was measured at 560 nm against the reagent blank. To validate the assay, serial dilutions of NADH and PMS were used.
Catalase
CAT activity was measured using the method described by Aebi (1984) . Absorbance was monitored at 240 nm up to 90 s at 15 s intervals. The assay was validated by treating the tissue homogenates with sodium azide, a known inhibitor of CAT activity (Aksoy et al. 2004 ).
Glutathione peroxidase
GPx activity was measured following a method (Castro et al. 2008) , in which absorbance was measured at 492 nm against the blank (100 ml extra OPD solution instead of sample). Serial dilutions of the substrate (o-phenylenediamine; OPD) of GPx were used to validate the assay.
Glutathione S-transferase
GST activity was spectrophotometrically assessed (Habig et al. 1974 ) using GSH (2.4 mM) and 1-chloro-2,4-dinitrobenzene (CDNB, 1 mM) as the substrate. The assay was initiated by adding 100 ml of the sample in 900 ml of the assay cocktail (980 ml PBS, pH 6.5, 100 mM CDNB and 100 mM GSH). Phosphate buffer saline (pH 6.5) was used as a negative control and absorbance was measured at 340 nm at a regular interval of 60 s for 5 min. The assay was validated by treating the tissue homogenates with coniferyl ferulate, a known specific inhibitor of GST activity (Chen et al. 2013 ).
Glutathione reductase
Glutathione reductase (GRd) activity was determined by monitoring the glutathione-dependent oxidation of NADPH at 340 nm, in a reaction mixture containing 950 ml of 0.15 mM NADPH, 0.5 mM glutathione, 3 mM MgCl 2 in 50 mM Tris (pH 7.5) and 50 ml extract (Pinto & Bartley 1962) . Corrections were made for NADPH oxidation in the absence of glutathione.
Non-enzymatic antioxidative agent: GSH (reduced glutathione)
Quantity of GSH, a faithful non-enzymatic antioxidative agent, in each follicular extract was measured following the method described by Ellman (1959) . The level of GSH in each sample was calculated by extrapolating the data from the standard graph prepared using GSH.
Statistical analysis
The densitometric value of each immunoblot representing a specific protein was calculated from the means of intensity of different bands of the same protein. The obtained value of the band intensity of each protein (i.e. MT1, p34Cdk1 or cyclin B) was then normalized by the intensity of b-actin and expressed as relative densitometric units (a ratio of the band intensity of the protein to b-actin for each sample) (Shao et al. 2007) . MeanGS.E.M. values of such data (nZ6) for respective immunoblots as well as for remaining variables were separately analyzed by one-way ANOVA. Where F values indicated significance, the means were compared by a post hoc multiple range test, taking P!0.05 as the threshold. In addition, a correlation coefficient test was followed to search for correlation separately between the profiles of melatonin, different antioxidative agents, intracellular stress marker, relative density of MT1, cyclin B and Cdc34 proteins in the follicular extracts as well as the rate of GVBD in the ovary of each carp (any two variables at a time). We followed a linear regression analysis for expressing the dependence of a response variable on an independent (predictor) variable. In either case, the significance was considered at the P!0.05 level. SPSS and Graph Pad Prism 6.03 Software were used for statistical analysis and data presentation respectively.
Results
Latency period
Within the period (6-16 h after the last injection) of the study, no ovulation was detected in both the control and only melatonin-treated fish, while the latency period between the last injection of ovaprim and the release of eggs in the remaining fish varied between 7 and 12 h. The latency period was longest (11.80G0.74 h) in the luzindole-pretreated, ovaprim-injected carp and lowest (7.30G0.22 h) in the fish treated with melatonin 2 h prior to the 1st dose of ovaprim. Relative to the latency period in the only ovaprim-treated carp (10.47G0.59 h), no significant changes were found in the fish treated with melatonin with the 1st dose, or 2 h after the 2nd dose of ovaprim.
Rate of GVBD
One-way ANOVA of the data on the rate (%) of meiotic resumption in the oocytes (GVBD) revealed significant effects of different treatments (FZ37.6, P%0.01) as well as the schedule of treatment (FZ59.4, P%0.01). The rate of GVBD, relative to the values (13.0G1.3%) in the control (vehicle-injected) fish, was significantly increased (49.0G2.7%) in carp that were treated with only ovaprim. Exogenous melatonin also led to an increased rate of GVBD, though its influences markedly varied with the schedule of its treatment relative to the injection of ovaprim in split doses. Injection of only melatonin led to 26.3G2.4% GVBD, but its co-treatment with ovaprim at the 1st and 2nd doses resulted in 79.3G3.8% and 69.7G2.4% GVBD respectively, while its treatment 2 h after the 2nd dose of ovaprim caused 59.3G1.8% GVBD (Fig. 1) . However, the maximum rate (96.3G3.6%) of GVBD was noted when melatonin was injected 2 h before the 1st dose of ovaprim. Notably, such influences of melatonin could not be found in the luzindole-pretreated carp.
Formation of maturation promoting factor (MPF (cyclin B-Cdk1))
In the samples that were used separately in SDS-PAGE and immunoblotting with anti-cyclin B antibody or anti-PSTAIRE (anti-Cdk1 or Cdc2) antibody, a 50 kDa protein and a 34 kDa protein corresponding to cyclin B and p34Cdk1 respectively were detected (Fig. 2I) . One-way ANOVA of densitometric data on cyclin B immunoblots revealed a stimulatory influence of ovaprim on the formation of MPF, but the effects varied with the schedule of melatonin treatment. Melatonin injection with ovaprim at the 1st dose resulted in 68.2G0.98 relative expression of cyclin B protein, and at the 2nd dose, it caused 53.4G1.63 relative expression of cyclin B protein, while the highest (79.6G1.74) value was noted in the samples of carp in which melatonin was injected 2 h prior to the 1st dose of ovaprim. Notably, luzindole treatment before melatonin did not result in any stimulatory Figure 1 Histogram representation of the data on the rate (in percentage, meanGS.E.M. in vertical bars, nZ6) of germinal vesicle breakdown (GVBD), the visual marker of oocyte maturation, in i) control (C), ii) only melatonin (M), iii) only ovaprim (O), iv) melatonin administered 2 h before the 1st dose of ovaprim (MO), v) luzindole injected 15 min prior to the administration of melatonin (2 h before the 1st dose of ovaprim) (LMO), vi) melatonin co-administered with 1st dose of ovaprim (OM), vii) melatonin co-administered with 2nd dose of ovaprim (OM-1) or viii) melatonin administered 2 h after the 2nd dose of ovaprim (OM-2). In each experiment, the samples were collected 15-20 min before the calculated latency period (data shown in text) of the respective fish groups or until 16 h after the last injection of melatonin or its vehicle (control). The different small letters on error bar indicate significant (P%0.05) differences in the values of a particular variable between the different treatment groups. The same letters indicate no significant differences as determined by one-way ANOVA followed by Duncan's multiple range test. response in the formation of cyclin B (Fig. 2IIA) . The progress of oocyte maturation was always associated with a gradual increase in the band intensity of 34 kDa (active p34Cdk1) protein and a concomitant decrease in 35 kDa (inactive p34Cdk1) protein (Fig. 2IIB ).
Intra-follicular melatonin concentrations
Different schedules of melatonin injection, relative to ovaprim treatment in split doses, resulted in a significant (FZ54.2, P%0.01) increase in the intra-follicular melatonin concentrations over the values in the control or only ovaprim-treated carp. Maximum melatonin levels were measured in the carp to which melatonin was injected alone, or along with, or 2 h before the treatment of ovaprim at the 1st dose (Fig. 3A) . However, luzindole treatment prior to melatonin did not result in any significant changes in the follicular melatonin titers relative to the values in the remaining melatonin-treated carp groups.
Malondialdehyde
Ovarian follicular Malondialdehyde (MDA) levels, compared with the values in control fish, were significantly (FZ46.7, P%0.01) increased in the luzindolepretreated carp, but decreased significantly when melatonin was administered alone or along with, or 2 h before the treatment of ovaprim at the primary dose. However, no significant changes in MDA levels were noted between the samples collected from the remaining groups of ovaprim-and melatonin-treated fish (Fig. 3B) .
Enzymatic antioxidants
Melatonin treatment resulted in a significant (FZ54.8, P%0.01) increase in the activity of each measured antioxidative enzyme, such as SOD (Fig. 3C) , CAT ( Fig. 3D) , GPx, GRd and GST (Fig. 4A , B, and C), though significant variations were found with respect to the schedule of its injection. The activity of these enzymes was maximum when melatonin was co-administered with or 2 h prior to the primary dose of ovaprim. Notably, each of these enzymes showed the lowest activity in the luzindole-pretreated fish, but no significant changes between the control and only ovaprimtreated fish were observed.
Non-enzymatic antioxidant: GSH (reduced glutathione)
Intra-follicular GSH levels, relative to the values in the respective control fish, were significantly (FZ56.9, P% 0.01) increased in each melatonin-treated fish group, but did not show any significant response to any dose of ovaprim. Treatment of luzindole prior to melatonin injection also did not result in any significant changes in the intra-follicular GSH content (Fig. 4D ).
Ovarian MT1 receptor protein SDS-PAGE and immunoblotting with the anti-goat polyclonal MT1 antibody detected a 37 kDa MT1 receptor protein (Fig. 5I) in the extracts of isolated follicles. Densitometric analysis of immunoblot data revealed that the band intensity of MT1 receptor protein in the samples was always higher (FZ64.8, P%0.01) in the fish that were treated with melatonin (alone or along with or 2 h before the treatment of ovaprim at the 1st dose) than in the respective control or 2nd dose of ovaprim (with or without melatonin) administered or luzindole-pretreated, melatonin-injected carp (Fig. 5II) .
Correlation between the studied variables
Correlation coefficient analysis revealed a significant (P!0.05) positive correlation between the rate of GVBD and the activity of SOD, CAT, GPx, GRd as well as GST, but a negative correlation (P!0.05) with the level of MDA. Both the intra-follicular melatonin concentration and the rate of GVBD showed a significant positive correlation with the level of GSH. The density of MT1 melatonin receptor protein in the ovarian samples also exhibited a positive correlation (P!0.05) with the activity of each antioxidative enzyme, but not with the GSH level. Notably, ovarian MDA content displayed a significant (P!0.05) negative correlation with its melatonin titers, GSH levels as well as the activity of different enzymatic antioxidants. However, the density of both cyclin B and Cdc34 proteins in the follicles exhibited a significant (P!0.05) positive correlation with the levels of SOD, CAT, GPx, GRd, GST and GSH (Table 1) . The linear regression analysis curve between melatonin and different redox indices in the ovary as well as the values of the intra-ovarian proteins fitted with the correlation coefficient analysis data (Figs 6 and 7) .
Discussion
The present study provides the first evidence that melatonin pretreatment in sexually mature carp ameliorates ovaprim actions on the ovary in reducing the latency period as well as accelerating the rate of oocyte maturation by the formation of MPF. The latency period between the last hormonal injection and the release of mature eggs reflects the egg output during the breeding operation and thereby serves as a reliable index of the best breeding performance of experimental fish (Sahoo et al. 2008) . Our findings on the latency period or ovulation time in carp revealed variable influences of the administered hormones/drugs. While ovulation was found to occur within 12 h of ovaprim treatment, no signs of egg release were detected until 16 h after intramuscular injection of a single dose of melatonin, indicating that exogenous melatonin per se did not have any significant effects on the process of ovulation. Apparently, the findings on carp are not consistent with the reports on zebrafish (Carnevali et al. 2011 ) and killifish (Lombardo et al. 2014) , where melatonin administration through water for 10 or 8 days caused an increase in the number of spawned eggs. However, it is notable that the dose, route and duration of melatonin treatment in the present and earlier studies were not identical. Thus, it may not be unwise to argue that influences of exogenous melatonin on ovarian functions are dependent on its dose, duration and/or route of administration (Falcó n et al. 2010) , rather than the responded fish species. Nonetheless, the seemingly most important contribution of the present study is that melatonin, when exogenously given 2 h prior to ovaprim, potentially increased ovaprim actions on the cascade of physiological events leading to final oocyte maturation in carp.
Only full-grown oocytes resume meiosis in response to the MIH through the formation of MPF (Yamashita et al. 1992) . Using mouse anti-cyclin monoclonal and anti-PSTAIRE antibodies, we detected a 50 kDa cyclin B protein and a conserved 34 kDa p34Cdk1 protein in the follicular extracts of the carp. Densitometric analysis of the immunoblot data revealed a stimulatory influence of melatonin on the formation of cyclin B in the preovulatory follicles of the ovaprim-treated carp. Likewise, the study of the p34Cdk1 protein indicated an accelerated rate of conversion of a 34-kDa protein from its inactive 35 kDa counterpart in the follicular extracts of the same fish. These findings may serve as an indication that melatonin pretreatment accelerates the process of re-initiation of meiosis by the formation of MPF to result in the final maturation of oocytes in ovaprim-treated fish. An earlier in vitro study has also revealed that pre-incubation of carp oocytes Figure 6 Scatter plots showing the single regression analysis between intra-ovarian melatonin concentrations and the rate of GVBD and the relative densitometric values of the intra-ovarian proteins in the carp ovary (nZ48) in an annual reproductive cycle. r 2 denotes goodnessof-fit and P values indicate the significant level.
with melatonin for 4 h evoked the maximum GVBD response following incubation with MIH for 12 h .
The regulatory axis of melatonin actions on fish ovary is not yet completely understood. However, the data obtained from the studies on zebrafish (Carnevali et al. 2011) and killifish (Lombardo et al. 2012) have opened up the possibility that melatonin may stimulate the release of hypothalamic GnRH. The present study by showing the stimulatory response of carp oocytes to melatonin when administered with or before ovaprim promotes an idea that the employed regimen of melatonin treatment may elicit the ovarian response by exerting major effects on the hypothalamic part of the brain, where the melatonin receptors are known to be present (Gaildrat et al. 2002) . The effects of used hormones/drugs (melatonin, sGnRH and domperidone) in the brain could trigger several signaling pathways in peripheral physiological processes to result in the final maturation of oocytes. The earliest effects in carp oocytes were observed about 7 h after the injection of ovaprim, which need melatonin priming for 2 h prior to ovaprim injection. A 7 h latency period could be sufficient for melatonin to regulate intracellular signaling or to act via genomic actions on the ovary (Carnevali et al. 2011 , Lombardo et al. 2012 . Thus, the observed changes in the latency period as well as in the rate of GVBD and MPF formation in the oocytes between females treated with melatonin and ovaprim at different time intervals might be due to ovaprim actions on gonadotropic hormone (GtH) release from the pituitary glands and the cascade of molecular events occurring thereafter in the ovary . The likely scenario is that 2-h melatonin priming may be required for sensitizing signaling pathways for sGnRH and domperidone in the HP axis to enhance the effects of ovaprim. Thus, it is likely that ovaprim, as the substituted GnRH, acts on the hypothalamo-hypophyseal system (Williot et al. 2002) , while melatonin appears to work at both the central endocrine system and the ovary at the downstream of the reproductive axis to accelerate the process of oocyte maturation , Lombardo et al. 2014 . However, the mechanism of actions of the hormones/ drugs administered on the HPG axis, especially on the ovary, remains speculative and thereby warrants further study. Melatonin, apart from acting as a hormone, is known to perform the functions of a free radical scavenger, electron donor and antioxidant as well (Reiter 1996) . This indolamine and its metabolic derivatives by acting as a potent antioxidant may reduce intra-cellular stress (Galano et al. 2013 , Zhang & Zhang 2014 . During the long period of meiotic maturation, oocytes generate and accumulate excess amounts of free radicals, chiefly reactive oxygen species, which, by inducing oxidative stress, may inhibit cell division in the oocytes (Agarwal et al. 2012) . Thus, one of the major objectives of the present study was to determine the influences of melatonin on the oxidative status of pre-ovulatory follicles by measuring the levels of MDA, a reliable marker of intra-cellular stress (Parlakpinar et al. 2013) , as well as the levels of different antioxidants in the same ovarian follicular extracts of the experimental carp. A high MDA level denoted an elevated oxidative stress (Yalçınkaya et al. 2013) in the pre-ovulatory follicles of the control fish. On the other hand, a significant reduction in the level of MDA and the stimulation of enzymatic (SOD, CAT, GPx, GRd and GST) as well as (Zelko et al. 2002) . GPx and CAT then independently convert H 2 O 2 to water (Gaeta et al. 2002) . SOD together with GPx and CAT form the major enzyme defense mechanism against harmful free radicals. GRd catalyzes the reduction of glutathione disulfide (GSSG) to the sulfhydryl form glutathione (GSH), which is a non-enzymatic antioxidative agent. GSH is a critical molecule in resisting oxidative stress and maintaining the reducing environment of the cell (Samiec et al. 1998) . GST, like GPx, is an important enzyme in the glutathione redox cycle and catalyzes the conjugation of reduced glutathione via a sulfhydryl group with xenobiotic substrates for detoxification purpose (Ceballos-Picot et al. 1992) . Under physiological conditions, oocytes are protected from oxidative damage by antioxidants such as SOD, CAT, GPx and GST (Angelucci et al. 2006 ). The present study by showing a continuous increase in the activity of both GSH and GSH-related antioxidant enzymes (GRd, GPx and GST) in the follicular extracts of the melatonintreated carp provides persuasive evidence of an important role of the glutathione system as the major defense against oxidative stress during the final oocyte maturation. The results of correlation coefficient analysis also depicted a significant positive correlation between the rate of GVBD, density of cyclin B as well as Cdc34 proteins, and the profiles of SOD, CAT, GPx, GRd and GST, but a negative correlation with the level of MDA in the maturing ovarian follicles. Moreover, a significant positive correlation between the concentrations of melatonin and the levels of SOD, CAT, GPx, GRd and GST in the studied ovarian follicles underlines their interplay and physiological significance in reducing oxidative stress (Hasan et al. 2014) . These findings are complementary to the study on human granulosa cells, where stimulatory effects of melatonin on antioxidative enzymes have been shown to improve the quality of oocytes (Muchová et al. 1998) .
Because melatonin can freely diffuse through cell membranes, the direct antioxidant effects of melatonin are unlikely to be receptor mediated. However, a melatonin receptor-based mechanism of melatonin's indirect antioxidant actions resulting from its capacity to stimulate several antioxidative enzymes cannot be completely ruled out (Zalatan et al. 2013) . Therefore, the expression of melatonin receptor protein (MT1R) in the follicular extracts of the experimental carp was studied to ascertain its possible role in mediating melatonin actions on the antioxidative system in the extracts of growing follicles. Densitometric analysis of immunoblot data revealed that the band intensity of a 37 kDa MT1R in the tissue extracts was always higher in the carp that were injected with melatonin prior to ovaprim treatment than in the respective control or only ovaprim-treated fish. Moreover, MT1R expression in the follicular extracts exhibited a positive correlation with the activity of each antioxidative enzyme and a negative correlation with the lipid peroxidation level. Such observations essentially lend support to the idea that the stimulatory influence of melatonin on final oocyte maturation in ovaprimtreated carp could be mostly due to its specific receptormediated actions on different antioxidative enzymes (Rodriguez et al. 2004) . Nonetheless, additional receptor-independent melatonin actions on the nonenzymatic antioxidant may not be totally ignored, as carp ovarian GSH did not show any correlation with the profiles of MT1R but displayed a positive correlation with intra-ovarian melatonin concentrations.
The role of melatonin receptors in carrying out the effects of exogenous melatonin on oocyte maturation was examined further by the pretreatment of the experimental carp with luzindole, a competitive antagonist of melatonin receptor with high potency and selectivity (Dubocovich 1988) . Remarkably, the carp that were treated with luzindole before the injection of melatonin and ovaprim thereafter did not show any ovarian response to the treatments. The latency period was longest in the luzindole-treated carp, while lowest in the fish that were treated with melatonin 2 h prior to the injection of ovaprim. These findings essentially suggest an important role of melatonin receptors in the mechanism of melatonin actions on ovaprim-induced final oocyte maturation in carp. However, additional data on the expression of different transcription factors, which are known to play a regulatory role in de novo synthesis of different antioxidative enzymes (Rodriguez et al. 2004) , would be required to determine whether receptor-mediated actions of melatonin result in the synthesis rather than the activation of these enzymes.
In conclusion, the present study provides the first experimental data to suggest that treatment of melatonin 2 h before the injection of ovaprim augments the action of ovaprim to induce oocyte maturation by accelerating the rate of MPF formation, which in all probability might be related to a cascade of events leading to a reduction in oxidative stress in the growing oocytes. The results of this study also underline a critical role of melatonin receptors in oocytes in mediating stimulatory actions of melatonin on different enzymatic antioxidants. Nonetheless, considering the limitations of the present study, further study is warranted for demonstration of the mechanism of melatonin actions on the hypothalamo-hypophyseal axis, the primary target of ovaprim, in carp. Moreover, it would be important to ascertain whether melatonininduced reduction of oxidative stress is a prerequisite for the enhanced action of ovaprim on meiotic resumption of carp oocytes.
